C hildhood hydrocephalus is prevalent and is diffi cult to treat. Endoscopic third ventriculostomy (ETV) is a novel treatment that can be successful in some children and can avoid dependence on a lifelong ventricular shunt system. Indications for ETV and predic tion of the chances of ETV success are, however, con troversial, and deciding whether to perform ETV in these patients is very difficult. Thus, if a marker of success for ETV outcome could be established, it would be possible to create a better decisionmaking process based on each patient's status. [5] [6] [7] 13, 15, 16 Medical informatics, such as lo gistic regression and artificial neural networks (ANNs), have been applied to develop models.
to simple linear problems using simple addition and sub traction. In 1974, the nonlinear processing of ANNs was introduced by Werbos. Subsequently, the interest of the scientific community steadily increased and was boosted in recent years by the introduction of new algorithms and by an increase in computational power associated with ex ponential advances in computer technology (http://library. thinkquest.org/C007395/tqweb/history.html).
ANN Theory
The ability to establish an accurate clinical diagnosis, appreciate clinical patterns (pattern recognition), analyze and interpret images to facilitate decision making, and ul timately predict optimal treatment is important in choos ing the most appropriate management strategies for neu rosurgery disorders. An ANN is a computational model based on the functioning of biological neural networks that can be used as a nonlinear statistical data modeling tool, with which the complex relationships between input and output (observed data) are modeled or patterns are re vealed. Artificial neural networks attempt to simulate the learning process of human beings. In other words, they learn, as humans learn, through observing events. Actu ally, AANs are made of a group of interconnected nodes (artificial neurons) that are based on predefined computa tional rules. The nodes interact with each other. Based on these rules, passing sample data (pairs of observed input/ output data) through ANNs causes the ANN to modify its structure so that it will be able to estimate the input/ output relationship pattern of the system under study. At the end of this learning process, the results can then be used to estimate or predict output for new input. This capability makes ANNs a powerful tool for applications such as pattern recognition, medical diagnosis, finan cial assessments, data mining, and email spam filtering. The use of varying neuronal arrangements and learning methods facilitates the potential for creating a number of ANN types. The most common ANN type, the multilayer perceptron (MLP), consists of 3 layers: an input layer, a hidden layer, and an output layer (Fig. 1) . With learning processes, sample data are fed into the input layer, and the network output is compared with the true expected output. The difference between the network's actual output and expected output equates to an error that is used to modify the interconnection of neurons that are weighted, based on a specific mathematical methodology. This methodology is termed "back propagation." It enables the network to optimally emulate the model of the system under study. The resulting trained network can be used to predict or estimate output for new input. One of the disadvantages of the ANN is that it does not allow an intuitive and trans parent assessment of the effect of any 1 input variable in the model. As an investigative tool to understand relation ships, the ANN is not very effective. In addition, it is pos sible to include too many input variables in the ANN, and therefore it does not force the developer to identify the truly important variables. Another issue is that the ANN does not produce a simple, transportable model. Rather, it is complex, but, given today's portable computing tech nology, that should not be great a barrier as it was in the past. 8, 11 An ANN as a prediction technique has been in use for more than 20 years in clinical medicine for clini cal diagnosis; prognosis and survival analyses; clinical outcome; and the medical domains of oncology, critical care, and cardiovascular medicine. 3, 10 Artificial neural networks have also been successfully used in neurosur gery disorders such as prediction of death due to trauma, surgical decision making for patients who have suffered a traumatic brain injury, 3 surgical satisfaction in spine disorders, 1 and predicting survival in patients with brain metastases. 10 For neurosurgery disorder applications, due to the limited number of treatment options available, these pre diction models can potentially improve diagnostic accu racy, treatment decisions, and efficiency. Relationships between prognostic factors and a successful ETV surgery outcome in children with hydrocephalus have not been previously investigated using the ANN model.
The aim of this study was to develop an ANN model based on etiology, age, whether choroid plexus cauteriza tion (CPC) was performed, previous shunt placement, sex, type of hydrocephalus, and body weight in a group of children with hydrocephalus. We also sought to determine whether ANNs perform better at predicting a successful ETV outcome at 6 months in these patients compared with traditional predictive tools such as logistic regression, ETV Success Score (ETVSS), and the CURE Children's Hospital of Uganda (CCHU) ETV Success Score. We hy pothesized that ANN analysis could predict the 6month success rate for ETV in patients with hydrocephalus with an efficacy equal or superior to that of traditional models. 
Methods

Patients and Data Collection
This study included a consecutive series of 168 pa tients (88 females and 80 males) who were referred to our hospital in Tehran, Iran, for treatment of hydrocephalus between January 2009 and January 2013. All patients were 15 years or younger, and the diagnoses were made based on clinical symptoms and imaging studies including cranial ultrasonography, CT scanning, and MRI. All pa tients had highpressure hydrocephalus and were treated by pediatric neurosurgeons. The research was approved by the Ethics Committee of Shahid Beheshti University of Medical Sciences, Tehran, Iran.
For all cases, a standard ETV was performed as the primary or secondary treatment and was made through a frontal bur hole, with a fenestration made in the floor of the third ventricle and/or lamina terminalis by a flexible endoscope. There were no restrictions on patient inclusion with regard to age, disease etiology, or previous shunt sur gery. The only exclusion criteria were inability to perform an ETV due to technical reasons. Demographic data, in cluding age, type of hydrocephalus, sex, and body weight, were recorded.
Additional Measures
Additional measures were used to predict the 6month ETV outcomes. The ETVSS was proposed by Kulkarni et al. 7 to determine which hydrocephalic children will ben efit from an ETV compared with a shunt. It is a simple scoring system that predicts the chances of ETV success, based on patient age and etiology of hydrocephalus and previous shunt surgery. The ETVSS is calculated as the sum of 3 items ranging from 0 (extremely poor chance of ETV success) to 90 (extremely high chance of ETV suc cess) ( Table 1 ). The CURE Children's Hospital of Uganda (CCHU) ETV Success Score was introduced by Warf et al. 16 to predict the chances of ETV success. It is based on age, etiology of hydrocephalus, and whether CPC was per formed and is calculated as the sum of 3 items, ranging from 0 to 9 with higher scores indicating higher levels of successful ETV ( Table 2) .
Development of the Logistic Regression Model
For the logistic regression model, the data set was ran domly separated into a training set of 84 cases (50% of the overall data set) and a test set of 84 cases (50% of the overall data set). The training set was applied to make the logistic regression model. Etiology, age, whether CPC was performed, previous shunt, sex, type of hydrocephalus, and body weight were the independent variables, and out come (successful ETV vs ETV failure) was the dependent variable. The logistic regression model was then tested us ing the testing data set. These steps (randomized division of data set and regression analysis considering the same variables) were repeated 1000 times. This resulted in 120 pairs of training and testing data sets (each group with half of the original data set), which were saved for further processing by the ANN, ETVSS, and CCHU ETV Suc cess Score models.
ANN Model
The ANN used in this study is the most common type of ANN and is called the multilayer perceptron (MLP). Multilayer perceptron ANNs are composed of 3 layers of nodes arranged in series: an input layer, a hidden layer, and an output layer. The observed data consisted of in put (etiology, age, whether CPC was performed, previous shunt, sex, type of hydrocephalus, and body weight) and output (successful ETV or ETV failure at the 6month followup) that were applied to the input layer and output layer, correspondingly, to make the MLP ANN learn the complex relationship between input and output. Patients were grouped by a 2:1:1 ratio to generate training, test ing, and validation samples, respectively. Based on a trial anderror process, the training cycle is repeated until the number of the network layers and hidden neurons were determined. The learned network could then estimate out put for the new sets of input data. 2, 12 The training, testing, and validation data sets were the same as those used with regression models; thus, there was a logistic regression and an ANN model for each training, testing, and validation data set.
Follow-Up
The reference points for this study were the date of the initial ETV procedure. Successful ETV outcome was defined as the absence of ETV failure within 6 months. 
Statistical Analysis
For parameters describing the patient population, continuous variables were compared using the Mann Whitney Utest; categorical variables were compared us ing Pearson chisquare testing. In addition, on univariate analysis, the Bonferroni adjustment was used to calculate for multiple comparisons.
For each individual variable and for comparison of the ANN and logistic regression models, receiver oper ating characteristic (ROC) curves were created and were used to calculate specificities, the positive predictive val ue, and the negative predictive value at 95% sensitivity. The area under the curve (AUC) from the ROC analysis was evaluated to compare the discriminatory power of the models.
1,10
The relative calibration (goodnessoffit) of the mod els was assessed using the HosmerLemeshow (HL) sta tistic. The HL statistic is a single summary measure of calibration and is based on comparing the observed and estimated success of ETV for patients grouped by esti mated successful ETV. 4 The resulting statistic follows a chisquare distribution, with degrees of freedom ranging from the number of groups (10 in this study) minus 2 up to the number of groups. A lower HL statistic value is as sociated with better fit.
A probability cut point of 0.5 was applied to classify observations as events or nonevents. The overall accuracy ([true positive + true negative]/total) of the final model was determined by comparing the predicted values with the actual events.
For each of the 120 pairs of the ANN, logistic regres sion, CCHU ETV Success Score, and ETVSS models, HL statistics, AUC, and accuracy rate were calculated and compared using ttests (p < 0.05). All statistical analy ses were performed using the STATISTICA software pro gram (version 10.0, StatSoft).
Results
Demographic data of the hydrocephalic patients, their
ETVSSs and CCHU ETV Success Scores, and ETV out comes at 6 months are shown in Table 3 . A total of 168 pa tients (80 males and 88 females; mean age 1.4 ± 2.6 years) were divided into training (n = 84), testing (n = 42), and validation (n = 42) groups. Interrelationships between pre dictor variables (input nodes), hidden variables (3 in one hidden layer), and ETV outcomes (output nodes) are dem onstrated in Fig. 2 . The rate of successful ETV outcome, defined as the absence of ETV failure within 6 months' followup, was 47%.
The results of comparisons of the ANN, logistic re gression, ETVSS, CCHU ETV Success Score models, and individual parameters are shown in Tables 4 and 5 . The etiology, age, CPC status, type of hydrocephalus, and previous shunt surgery were important variables selected by the ANN. Compared with the ETVSS, CCHU ETV Success Score, and logistic regression models, the ANN model had a better accuracy rate (95.1%), a better HL sta tistic (41.2), and a better AUC (0.87).
Discussion
Individual parameters such as cause of hydrocepha lus, age, whether CPC was performed, previous shunt surgery, type of hydrocephalus, sex, and body weight can provide tools of prognostic benefit; however, the findings from this study showed that the combination of these pa rameters in the ANN model could be used to predict the rate for successful ETV in childhood hydrocephalus with a high level of accuracy. The full structure details of the resulting ANN can be saved and then be used as a soft ware estimator or predictor for new cases with no need for further training. Although the ANN shows promise, the study sample was unique and very small, and therefore the technique will need to be repeated with larger, multicenter data sets to convincingly show its predictive power.
To date, no study has analyzed the outcome at 6 months in childhood hydrocephalus based on the ANN model. There are currently only 2 measures designed to predict ETV outcome: the ETVSS and the CCHU ETV Success Score. 7, 16 Although these measures are simple and easy to use in clinical practice, they do not include some prognostic factors and need to be optimized. Therefore, we developed and validated an ANN model to predict the chances of ETV success. Finally, it should be noted that the models in our study were developed, tested, and vali dated within the same population, using subsets of data from that population, while the ETVSS and CCHU ETV Success Score were subjected to external validation, a much more rigorous standard. These models were devel oped using completely different data sets (ETVSS from patients in North America and Europe and CCHU ETV Success Score from patients in Uganda). Therefore, it is to be expected that the internal validation of ANN and logistic regression will outperform the external validation of the ETVSS and CCHU ETV Success Score.
The prediction parameters in Table 5 are very simi lar to what has been published in the literature before for these models. This was surprising since the models were developed and intended for use in very different popula tions. The ETVSS, for example, did not take into account the effects of CPC status. However, some might argue that there was external validation of models of the ETVSS and CCHU ETV Success Score models in different popula tions. In the current study, the relatively homogeneous patient population was also found based on the 2 scores: the ETVSS and CCHU ETV Success Score. In addition, the ANN theory can be considered along with the other methods.
For the first time, ANNs have been used to predict 6month ETV success in patients with hydrocephalus. In fact, we describe here a third index for predicting the suc cess rate of ETV in childhood hydrocephalus. The results obtained from the sensitivity analysis suggest that com binations of variables of ETVSS and CCHU ETV Suc cess Score in the input layer of the ANN model are useful parameters for selecting patients with hydrocephalus for ETV. The use of this simple software program is recom mended to increase the success of ETV in these patients, especially in teaching hospitals. In addition, the predictive ability of the ANN model increased based on each new prognostic factor.
Maximizing the accuracy of the ANN for optimal clinical efficacy is an achievable end point that will be tracked in a multicenter study with a large sample size based on global databases and sufficient statistical power to determine the value of variables for the input layer of the ANN model. Finally, this should lead to an even finer prediction of results. The ANN model presented in our study is an acceptable test for predicting the 6month ETV success in childhood hydrocephalus. However, our results will need to be confirmed by further prospective studies.
There were some limitations in this study. First, we were unable to identify all effective parameters that influ ence the success of ETV and need to be fed into the input layer of an ANN model, for example the presence of re sidual membranes and arachnoid adhesions. Further pro spective multicenter studies are needed to examine these other factors to establish a more complete model. Sec ond, the study is retrospective in nature, so we could not evaluate outcome tools. Third, the main weakness of this study is the small sample size, especially in the valida tion group, which must be considered in future studies to enhance the comparability of research. Last, more studies are necessary to explore the differences between long and shortterm followup of the success of ETV in the ANN model for these patients.
Conclusions
These findings show that, for the first time, ANNs can predict 6month successful ETV with a high level of ac curacy in childhood hydrocephalus. Such information is of use in the clinical decisionmaking process. 
